The present study describes the full thermodynamic assessment of the Li,Cs,Th//F,I system. The existing database for the relevant fluoride salts considered as fuel for the Molten Salt Reactor (MSR) has been extended with two key fission products, cesium and iodine. A complete evaluation of all the common-ion binary and ternary sub-systems of the LiF-ThF 4 -CsF-LiI-ThI 4 -CsI system has been performed and the optimized parameters are presented in this work. New equilibrium data have been measured using Differential Scanning Calorimetry and were used to assess the reciprocal ternary systems and confirm the extrapolated phase diagrams. The developed database significantly contributes to the understanding of the behaviour of cesium and iodine in the MSR, which strongly depends on their concentration and chemical form. Cesium bonded with fluorine is well retained in the fuel mixture while in the form of CsI the solubility of these elements is very limited. Finally, the influence of CsI and CsF on the physicochemical properties of the fuel mixture was calculated as function of composition.
Introduction
The Molten Salt Reactor (MSR) is one of the promising reactor technologies considered for future nuclear energy development. Fissile and fertile materials are dissolved in a liquid molten salt mixture circulating in the primary circuit and serving both as fuel and as coolant for the fission reaction. Among the various design concepts, the focus in Europe is on the Molten Salt Fast Reactor (MSFR) [1, 2] which exploits the advantages of a fast neutron spectrum. The reference salt for this concept is the binary LiF-ThF 4 eutectic mixture with addition of either UF 4 or PuF 3 [3] as fissile and small concentration of UF 3 for the redox control.
In case of multi-component mixtures, the physico-chemical properties of the liquid salts can be effectively described by thermodynamic models and an extensive thermodynamic database including the most relevant systems for the MSR is being developed at the Joint Research Centre (JRC) since several years. However, at present the database considers mainly "fresh" fuel compositions, i.e. at the beginning of the reactor operation time. During irradiation, fission products are formed by the fission reaction and accumulate in the fuel matrix. The effect of this composition change on the melting behaviour, solubility limit and vapour pressure of the fuel must be carefully evaluated and could be achieved by extending the present thermodynamic database to the main fission products. The present work considers the effect of two of the most important fission products, cesium and iodine, on the fuel mixture. Both elements are produced with relatively high yield and deserve strong attention due to their volatility and radiological effects in accidental scenarios. Once formed, cesium and iodine are expected to dissolve in the Li x Th 1ex F 4e3x liquid solution and bond in the fuel.
In the present work, the modified quasi-chemical model in the quadruplet approximation was applied to describe the reciprocal Li,Cs,Th//F,I system. All the common-ion binary sub-systems have been reviewed and, if needed, newly assessed. Slight modifications have been made for the CsF-and CsI-containing phase diagrams due to a recent re-evaluation of their thermodynamic properties. The ternary common-ion systems (such as the LiF-CsF-ThF 4 ) and the reciprocal systems (Li,Cs//F,I; Cs,Th//F,I and Li,Th//F,I) were extrapolated and optimized in this work based on novel experimental data. The Differential Scanning Calorimetry (DSC) was used to determine the phase equilibria of the selected compositions and to confirm the extrapolated phase diagrams. Finally, the developed model was employed to investigate the behaviour of cesium and iodine in the specific case of the molten salt fuel mixture. The calculations aimed to evaluate the influence of CsF and CsI accumulation in the fuel on its critical thermodynamic properties, such as the melting temperature and the vapor pressure.
Experimental

Sample preparation
In order to complement the existing available data and confirm the developed thermodynamic model, selected compositions of the Li,Cs, Th//F,I system were synthesized and analysed in this work. The samples were prepared starting from the pure compounds lithium fluoride (LiF), cesium fluoride (CsF) and cesium iodide (CsI), obtained for Alfa Aesar, and thorium tetrafluoride (ThF 4 ), obtained from IBI Labs, USA. The details on the provenance of the samples, their purity and the treatments performed prior the mixing are summarized in Table 1 . While LiF was provided in anhydrous form, CsF and CsI have been dried at 573 K for several hours under Ar flow to remove the residual moisture, if present. ThF 4 is likely to contain, in addition to moisture, oxide and oxyfluoride impurities which can be detected by calorimetric techniques and must be therefore removed from the samples. The purification process is described in details in Ref. [4] and is based on the conversion of oxides into fluorides using NH 4 HF 2 as fluorinating agent. The purity of all the compounds has been confirmed using the DSC technique for the identification of the melting point. As reported in Table 1, the experimental values agree  well with the literature values in all cases, within the instrument  uncertainty (±5 K) , confirming the purity of the samples.
The samples were prepared by mixing stoichiometric quantities of the end-members and were handled at any time under controlled atmosphere. An argon-filled glove box was used, in which the content of oxygen and water is constantly monitored and kept low, typically below 5 ppm. Moreover, in order to avoid the contact between the corrosive gas formed at high temperature and the environment of the instrument, the samples were encapsulated during the measurements. A gas tight stainless steel crucible internally lined with nickel is used as described in Ref. [8] . This method minimizes also the sample loss and the composition shift due to incongruent vaporization.
Differential Scanning Calorimetry
The Differential Scanning Calorimetry (DSC) is a widely used technique for the identification of phase equilibria in multicomponent systems and was employed in this work to investigate the Li,Cs, Th//F,I system. The detector of the instrument, a Setaram MultiHTC-96 DSC suitable for temperature up to 1400 C, is composed of two ceramic chambers, one for the sample and one for the reference, linked together by a series of interconnected S-types thermocouples. In this configuration, the heatflow between the two chambers is measured as function of temperature providing information on the occurence of temperature-induced process, such as phase transitions, visualized as peaks. The temperature of the transition and its energy can be determined from the analysis of the peak as the onset temperature and the area, respectively. For this purpose, a temperature calibration is required and was performed by measuring the melting point of several standard materials (In, Sn, Pb, Al, Ag, Au, Zn) with determined uncertainty of ±5 K. Argon was used as flowing inert purge gas for all measurements.
A standard measurement program was applied for all the samples and consists of four successive heating cycles with constant heating rate of 10 K/min, and different cooling rates (5 K/min, 7 K/min, 10 K/ min and 15 K/min). During the first heating ramp, the samples were homogenized while the data were collected during the three following cycles. It is important to mention that CsI and CsF are quite volatile compared to the other components and partial vaporization might occur at high temperature leading to a composition shift. This process will have an effect mainly on the liquidus transition and can be identified by monitoring the variation of the temperature for the same transition in the subsequent cycles.
Thermodynamic modeling
Chemical forms of cesium and iodine
A preliminary thermochemical analysis was performed to identify the relevant species which have to be included in the Table 1 Details on the provenance, the treatments and the purity of the compounds used in this work. Dg exchange x À 37:1 kJ Based on these calculations, CsI is expected to be the most stable of the possible iodides in the liquid solution causing a strong short range order. Hence, particular emphasis was paid in the present work to the description of the CsI-containing sub-systems in addition to the fluorides. It must be noted here that only a minor part of the total cesium produced can form CsI as the iodine is produced with a much lower yield compared to cesium, the molar ratio Cs/I being about 10. At this stage, the thermochemical analysis does not take into account the interaction of cesium and iodine with the other fission products (such as the formation of CsTe x ) or the possible interaction with structural materials.
Compounds
The studied system contains five different ions: three cations
) and two anions (F À , I À ). The two by two combinations generate six pure compounds LiF, CsF, ThF 4 , LiI, CsI, ThI 4 , which have to be described in the thermodynamic model. The thermodynamic stability of all the compounds is given by their Gibbs energy defined as:
where D f H 0 ð298Þ and S 0 ð298Þ are respectively the standard enthalpy of formation and standard absolute entropy, both referring to a temperature of 298.15 K and C p ðTÞ is the temperature function of the heat capacity at constant pressure. The thermodynamic data for all compounds used in this work are reported in Table 3 and have been taken from the literature works cited therein. Since CsI and CsF have a relatively high vapour pressure compared to the other salts and given the importance of the vaporization behaviour of fission products in the molten salt mixture, the gaseous species have also been included in the model. The thermodynamic properties of the gaseous phases used in this work are reported in Table 4 and have been taken from the literature works cited therein.
Liquid solution
The liquid solution was treated in this work using the modified quasi-chemical model proposed by Pelton et al. [14] . This model is very suitable to describe molten ionic solutions as the composition of maximum short range ordering (SRO) is permitted to vary by changing the defined "coordination numbers" Z i AB=XY . The species in solution are distributed over two sublattices, typically the cations A,B,C,…on one sublattice (I) and the anions X, Y, Z,…on the second sublattice (II). In quadruplet approximation, the model takes into account simultaneously the first-nearest neighbour (FNN) interactions between sublattices and the second-nearest neighbour (SNN) interactions within a sublattice. Moreover, the model has been used in previous works performed at JRC and it is therefore compatible with the developed database.
The available thermodynamic database contains a large number of common-anion systems in which fluorine is the only anion present on the second sublattice. According to the model, the liquid solution for these systems is defined by the formation of the generic second-nearest neighbour pair ðA À F À BÞ as given by the following reaction:
where Dg AB=F is the Gibbs energy change related to the pair formation and it is an empirical parameter of the model.
In the present work, a second anion (iodine) is present on sublattice II. Therefore, the distribution of the generic quadruplets ABX 2 , A 2 XY and ABXY must be considered and represent respectively the case of a common-anion system, a common-cation system and a mixed system. The quadruplet formation is given by the following reactions:
Dg AB=XY (5) where Dg AB=X2 , Dg A2=XY and Dg AB=XY are the Gibbs energy change related to the quadruplet formation and are also empirical parameters of the model. It is important to mention that the parameter Dg AB=X2 in the A,B,C…//X subsystem is identical to the parameter Dg AB=X for pair approximation in Equation (2).
The Gibbs energy change terms can be expanded in polynomial form such as: The thermodynamic data
) for the gaseous species considered in this study. 
09. e In the T range 839 Ke1000 K: are composition independent coefficients while the dependence of the parameter on composition is given by the quadruplet fractions c AB=XY .
Finally, the charge-neutrality condition for the ABXY quadruplets in a molten fluoride salt solution must be fulfilled and it is done by the definition of the coordination numbers respecting the absolute cationic and anionic charges (q A ; q B ,…):
In this work, the cation-cation coordination numbers were set to 6.0 as default value, except for Z Li LiTh=jj (j ¼ F, I) which were set to 2.0 and Z Cs CsTh=jj (j ¼ F, I) which were set to 3.0. For these systems, different cation-cation coordination numbers were selected during the assessment to better represent the composition of short range ordering (see details in the works [4, 10] ).
The optimized common-ion binary parameters for the liquid solution as used in this work are given below (J , mol À1 ): 
Using the data of the binary phase diagrams, the common-ion ternary phase diagrams and the reciprocal systems have been extrapolated using the Kohler or the Kohler/Toop interpolation methods depending on the symmetric or asymmetric nature of the system. In this case, ThF 4 
Common ion binary subsystems
All the common-ion binary subsystems have been reviewed in this work as they are essential for the extrapolation to higher order systems. The binary LiF-ThF 4 and CsF-ThF 4 systems have been already extensively described in previous works [10, 15] and the same liquid model parameters as reported in these publications were considered in the present work. The assessment of the remaining systems is described in this section.
The LiF-CsF and the CsF-CsI systems
Slight adjustments have been made for the LiF-CsF and CsF-CsI systems due to the recent re-assessment of the thermodynamic properties of both the solid and liquid phase of CsF [9] . Although there is no qualitative difference for the calculated phase diagrams compared to the previous assessments, slightly different parameters were used to optimize the liquid solution and the intermediate compounds. The calculated phase diagram for the LiF-CsF system is shown in Fig. 1 along with all the experimental data used for the assessment [16e18]. The system is characterized by one eutectic point at T ¼ 758.1 K and X CsF ¼ 0.59 mol% and one peritectic point at T ¼ 765.7 K and X CsF ¼ 0.48 mol%, in agreement with the previously published works [19, 20] .
Similarly, the binary CsF-CsI system has been re-optimized in the present work. As shown in Fig. 2 , one single eutectic characterizes the system and it is found at 704.3 K and X CsI ¼ 0.53 mol%. While experimental data on the liquidus line of the CsF-CsI system have been measured by Bukhalova et al. [21] , no data were available for the solidus line. In order to confirm the eutectic temperature and the general shape of the phase diagram, new phase equilibria data have been measured in this work using the DSC technique. Three selected compositions (X CsI ¼0.26 mol%; 0.53 mol%; and the 0.76 mol%) have been measured and the results are reported in Table 5 . The eutectic temperature was confirmed experimentally (T ¼ 706.8 K) and the measured liquidus temperatures agree well with the model and the literature data.
The LiI-LiF and the LiI-CsI systems
The calculated phase diagrams of the LiI-LiF and the LiI-CsI systems are shown in Fig. 3 and Fig. 4 , respectively. The LiI-LiF system was assessed based on the literature data from Johnson and Hathaway [22] , who measured the phase equilibria of several selected compositions. One eutectic point was found at T ¼ 688.5 K for the composition X LiI ¼ 0:83 mol%. On the contrary, there are no experimental reports on the phase diagram of the LiI-CsI system, which was assessed based on the enthalpy of mixing data of the (Li x , Cs 1ex )I liquid solution [23] . The eutectic point is predicted at T ¼ 446.3 K for the composition X LiI ¼ 0:62 mol%. While the calculated eutectic point of the LiI-LiF system agree well with the evaluation of Sangster [19] , a lower eutectic temperature was found for the LiI-CsI system most likely due to the use of different thermodynamic properties for the end-members.
The CsI-ThI 4 , LiI-ThI 4 , and ThI 4 -ThF 4 systems
Very little information is available for the ThI 4 -containing systems. Brendel et al. [24] reported the stability of the intermediate compound Cs 2 ThI 6 and showed the DTA curve at this exact composition. The eutectic temperature of the CsI-ThI 4 mixture was found at 728 K and the formation of the intermediate compound was found at 803 K. Based on these very limited information, a phase diagram for the CsI-ThI 4 is proposed and shown in Fig. 5 . The eutectic point was found at T ¼ 728.1 K for the composition X ThI4 ¼ 0.62 mol% while the peritectic point was found at T ¼ 802.8 K for the composition X ThI4 ¼ 0.27 mol%.
No data were found in literature for the ThF 4 -ThI 4 and the LiIThI 4 systems, thus no direct optimization of the phase diagrams was possible. Although for the calculation of cesium and iodine behaviour in MSR the description of these systems has a limited influence, an effort was made to go beyond the ideal solution treatment. The proposed phase diagrams are based on the similarities with the related binary systems assessed in this work from which the liquid excess parameters were taken.
All the common-cation systems evaluated in the present work (LiF-LiI, CsF-CsI) are eutectic systems with no solid solubility and no intermediate compounds. Therefore, a similar behaviour is reasonably expected for the ThF 4 -ThI 4 system. Fig. 6 shows the calculated phase diagrams of the ThF 4 -ThI 4 system when the liquid excess parameters as assessed for LiF-LiI and the CsF-CsI systems, respectively, are used. The eutectic temperatures obtained are close to each other and the selected phase diagram, indicated with a solid line, is calculated using an average of the two liquid solution data. The eutectic is found at 543 K with a maximum probable temperature inaccuracy of ±50 K, based on phase diagrams comparison.
In case of the LiI-ThI 4 systems, the same excess parameters as optimized in Ref. [15] for the LiF-ThF 4 were considered. Moreover, four intermediate compounds with similar stoichiometry to the fluoride system were supposed to be present also for the iodide system. The thermodynamic properties of the compounds were estimated based on the weighted average from the properties of their end-members and adding an enthalpy contribution related to the compounds formation reaction (same as in LiF-ThF 4 system). A tentative phase diagram is shown in Fig. 7 and is compared with the ideal behaviour (no interactions and no intermediate compounds). Given the large deviation in terms of the eutectic temperature and in order to confirm the validity of the assumptions, the same approach was tested on the LiCl-ThCl 4 system for which the eutectic temperature is known [25] . The predicted eutectic temperature of 703 K compares well with the literature value of 681 K considering the uncertainties of the estimation method. Further investigations for all the binary systems in this section are recommended to confirm the shape of the phase diagrams and, more importantly, the temperature and the composition of the invariant points. This requires novel experimental data on the phase equilibria and the excess properties.
Common-ion ternary subsystems
Two common-ion ternary subsystems, i.e. the LiF-CsF-ThF 4 and the LiI-CsI-ThI 4 systems, can be calculated based on the binary phase diagrams described above. No ternary interactions were considered for the iodide systems, as no data were found in literature, and is therefore not discussed further here.
The LiF-CsF-ThF 4 system
The ternary LiF-CsF-ThF 4 phase diagram was extrapolated based on the assessed binary phase diagrams according to the Kohler/Toop formalism without any additional ternary compound. A small ternary parameter was introduced to reproduce the partial pressure of CsF in the ternary mixture LiF-CsF-ThF 4 (75.73-23.23-1.05) measured in Ref. [26] and shown in Fig. 8 . The calculated liquidus projection of the LiF-CsF-ThF 4 system is shown in Fig. 9 with indicated primary crystallization fields. In total, sixteen invariant points and three saddle points were identified and are listed in Table 6 . The extrapolation was confirmed by the experimental determination of one of the eutectic points (temperature and composition) in the system. The experimental eutectic temperature was found at 750.2 K for a synthesized composition of LiF-CsF-ThF 4 (36.6-61.2-2.2 mol%) and compares very well with the calculated temperature of 748.3 K for the composition LiF-CsF-ThF 4 (35.3-61.4-3.3 mol%) .
The Li,Cs//F,I reciprocal system
The only available data for the Li,Cs//F,I reciprocal system were reported by Dvoryanova et al. [27, 28] . They are mostly estimates based on the regularities in the structure of the liquidus surfaces of systems with the presence of fluoride-halide exchange. Margheritis et al. [29] observed the occurence of a miscibility gap in the series of fused systems LiF-AlkX (Alk ¼ Na, K, Rb, Cs; X ¼ Cl,Br,I) with an increasing tendency to demix as the radius of the alkali cation and the halide anion increases. The LiF-CsI system was found to have the broadest liquid-liquid miscibility gap which extends over almost the entire composition range.
In order to complement the existing literature data, the LiF-CsI join has been experimentally investigated in the present work. The phase equilibria of three selected compositions were measured using the DSC technique and the obtained data, reported in Table 5 , were used to assess the Li,Cs//F,I reciprocal system. The experimental results, and in particular the range of stability of the liquidliquid miscibility gap, were correctly reproduced introducing a small ternary parameter, as shown in Fig. 10 . Since CsI vaporizes (T boil ¼ 1553 K) at temperatures close to the measurement upper limit, the gaseous phase was included in the calculations and is shown in the phase diagram. As mentioned before, the higher evaporation of CsI in comparison with LiF might cause a slight change in the sample composition during the measurements. This effect clearly occurred for one of the samples (X CsI ¼ 4 mol%) for which a temperature decrease was observed for the liquidus transition in the subsequent cycles. The temperature change is consistent with a shift of 0.5 mol% and only the data measured during the first cycle were considered in the optimization. Two of the observed transitions, namely the lower limit of the miscibility gap and the LiF stability limit, are very close in temperature and could not be distinguished upon heating. However, the cooling curve shows two separate peaks and the transition temperatures were determined by extrapolation to zero of the onset temperature measured at different cooling rates.
One composition ternary composition was also measured outside the LiF-CsI join, close to the peritectic point in the LiF-CsFCsI system (exact composition in Table 5 ). The temperatures measured, T ¼ 716.2 K and 761.5 K, agree rather well with the calculated temperatures (T ¼ 703.1 K and T ¼ 750.5 K), validating the predictive ability of the thermodynamic assessment.
The calculated liquidus projection of the Li,Cs//F,I system is shown in Fig. 11 . As expected, the phase field of LiF, which is the highest melting component, is predominant and a liquid-liquid miscibility gap is calculated along the LiF-CsI join for temperatures above 1115 K. The system exhibit a strong FNN SRO so that the Li-F and Cs-I nearest neighbour pairs predominate. Seven invariant equilibria were found for this system and are reported in Table 7 .
The Cs,Th//F,I reciprocal system
No reported liquidus projection has been found in literature for the Cs,Th//F,I system. Following the approach adopted for the Li,Cs// F,I system, novel experimental data were measured for compositions along the ThF 4 -CsI join. The experimental phase equilibria are reported in Table 5 and were correctly reproduced (Fig. 12 ) by the thermodynamic model with no additional reciprocal parameters. The larger discrepancy was observed for the transition at 905 K, corresponding to the CsI stability limit. The peak registered at this temperature was small and very broad, especially for low CsI concentrations, and thus the determination of the onset point has a higher uncertainty.
The calculated liquidus projection of the Th,Cs//F,I system is shown in Fig. 13 and the invariant equilibria are reported in Table 8 . Also in this case, the system show a strong short range order and the ThF 4 phase field predominates.
The Li,Th//F,I reciprocal system
The last reciprocal system of the series, the Li,Th//F,I system, was calculated assuming no ternary reciprocal parameters and it is shown in Fig. 14 . The invariant point of the system are also reported in Table 9 . The system shows a less pronounced SRO character, which is consistent with the Gibbs energy exchange calculated in Section 3.1 and no liquid-liquid miscibility gap.
Cesium and iodine behaviour in the fuel mixture
The main result of the thermodynamic modeling described in this work is a consistent and complete description of the Li, Th,Cs// F,I system. That implies that the thermodynamic properties of any composition having these constituents can be calculated from the model. For the present discussion, we focussed on the effect of the accumulation of cesium and iodine, in the form of CsF and CsI, in the MSFR fuel mixture. The eutectic mixture LiF-ThF 4 (76.2e23.8 mol%) is the main fuel constituent for the current designs and was taken in our calculations as representative of the actual fresh fuel composition which also contains fissile in the form of UF 4 or PuF 3 . The concentrations of both CsI and CsF will depend on reactor parameters and reprocessing scheme but are expected to remain below 1 mol % [30, 31] . As an example, recent calculations [31] of the radionuclides inventory in MSFR reported a concentration of 4.1$10 À3 mol% for cesium at equilibrium.
In this framework, several key compositions were identified and their thermodynamic properties predicted using the model developed in this work. With regards to reactor safety, two of the most important properties of the fuel mixture are the liquidus temperature and the pressure at the reactor operation temperature. They represent the safety limit towards solidification and vaporization, respectively. In other words, the higher the liquidus temperature, the higher must be the operational temperature to ensure an adequate safety margin. The reference minimum temperature of 900 K was considered in this work based on the MSFR design (T operation x 923e1023 K [32] ), though the exact operation temperature will depend on the specific reactor design and fuel composition. The results of the thermodynamic calculations performed are reported in Table 10 . For all the compositions, the molar ratio LiF/ThF 4 is kept constant and a fixed concentration of either CsF, CsI or both compounds is added.
In the form of CsF, cesium is completely soluble in the LiF-ThF 4 solution and there is almost no effect on the physico-chemical properties of the fuel. The liquidus temperature is unchanged for realistic CsF concentrations and at X CsF ¼ 10 mol% a relatively small temperature increase of 30 K is predicted. Similarly, the total vapor pressure at the reactor operation temperature slightly increases with the concentration of CsF but remains very low.
A different behaviour is observed for cesium and iodine in the form of CsI. The liquidus temperature increase substantially even for small concentrations of CsI (50 K at X CsI ¼ 1 mol%), which is a clear indication of a very limited solubility. Fig. 15 shows the calculated pseudo-binary phase diagram of the LiF-ThF 4 system with fixed concentration of CsI of 1 mol%. The main difference compared to the binary LiF-ThF 4 phase diagram is the presence of an area (shaded) corresponding to the binary eutectic in which solid CsI is present. To better understand the solubility of CsI in the fuel composition, the pseudo binary phase diagram CsI-Li 3 ThF 7 was calculated and it is shown in Fig. 16 . As an example, at 900 K the calculated solubility limit is exactly 1 mol%. Above this concentration a liquid-liquid miscibility gap is observed, which has a considerable effect on the fuel behaviour. In fact, the compositions of the two immiscible liquids (LIQ1 and LIQ2) are very different, one being almost a mixture of iodides and the other being almost a mixture of fluorides. Since the iodides are mainly represented by pure CsI which is rather volatile, the total vapor pressure of the fuel mixture increase dramatically (see Table 10 ). The same behaviour is observed for mixture containing both CsI and CsF in which the fission yield ratio (Cs:I ¼ 10:1) is kept constant.
In conclusion, the behaviour of cesium and iodine in the fuel mixture will critically depend on the concentration. Cesium bonded to fluorine is well retained in the fuel mixture while iodine in the form of CsI has a limited solubility. When its concentration exceed about 1 mol %, CsI will precipitate and/or form a second immiscible liquid phase depending on the local temperature. This fraction of CsI is then likely to vaporize from the liquid solution.
Conclusions
A thermodynamic model for the Li,Th,Cs//F,I system has been developed in this work to study the behaviour of cesium and iodine in MSR fuel. The phase diagrams of nine common ion binary systems and two ternary systems have been calculated and optimized model parameters are provided. Selected compositions of the reciprocal ternary systems were measured, with particular emphasis on the LiF-CsI and ThF 4 -CsI joins, and used for the assessment of the reciprocal phase diagrams. A strong short range order was observed for two of the liquid solutions, in which the first nearest neighbour pairs Cs-I and Li-F (resp. Cs-I and Th-F) predominates. The measured equilibria for the ternary LiF-CsF-ThF 4 and LiF-CsF-CsI compositions were not used to tune the thermodynamic model but agree well, with a maximum discrepancy of 13 K. Therefore, the results validate the predictive ability of the thermodynamic assessment.
Using the developed thermodynamic database, the influence of CsI and CsF, which represent the likely most stable chemical forms of cesium and iodine in the MSR fuel, was evaluated. The calculations performed in this work have shown a very different behaviour for cesium and iodine depending on their chemical form. The influence of CsF on the liquidus temperature and on the vapor pressure of the fuel mixture is negligible and cesium remains dissolved in the fluoride matrix. On the contrary, the solubility limit of CsI in the LiF-ThF 4 eutectic mixture is very small and an increase in the CsI concentration results in an increase in the fuel mixture vapor pressure. Based on these observations, CsI must be regarded as a volatile component in MSR above certain concentration and will probably be stripped to some extent to the offgas removal system of the reactor.
